Rakesh V, Stallings JD, Reifman J. A virtual rat for simulating environmental and exertional heat stress. J Appl Physiol 117: 1278-1286, 2014. First published October 2, 2014 doi:10.1152/japplphysiol.00614.2014.-Severe cases of environmental or exertional heat stress can lead to varying degrees of organ dysfunction. To understand heat-injury progression and develop efficient management and mitigation strategies, it is critical to determine the thermal response in susceptible organs under different heat-stress conditions. To this end, we used our previously published virtual rat, which is capable of computing the spatiotemporal temperature distribution in the animal, and extended it to simulate various heat-stress scenarios, including 1) different environmental conditions, 2) exertional heat stress, 3) circadian rhythm effect on the thermal response, and 4) whole body cooling. Our predictions were consistent with published in vivo temperature measurements for all cases, validating our simulations. We observed a differential thermal response in the organs, with the liver experiencing the highest temperatures for all environmental and exertional heatstress cases. For every 3°C rise in the external temperature from 40 to 46°C, core and organ temperatures increased by ϳ0.8°C. Core temperatures increased by 2.6 and 4.1°C for increases in exercise intensity from rest to 75 and 100% of maximal O 2 consumption, respectively. We also found differences as large as 0.8°C in organ temperatures for the same heat stress induced at different times during the day. Even after whole body cooling at a relatively low external temperature (1°C for 20 min), average organ temperatures were still elevated by 2.3 to 2.5°C compared with normothermia. These results can be used to optimize experimental protocol designs, reduce the amount of animal experimentation, and design and test improved heat-stress prevention and management strategies. three-dimensional computational rat model; heat transfer; core temperature circadian rhythm; organ-specific response; whole body cooling
three-dimensional computational rat model; heat transfer; core temperature circadian rhythm; organ-specific response; whole body cooling EXPOSURE TO ADVERSE ENVIRONMENTAL conditions, strenuous exercise, or their combination may lead to heat stress, which characteristically involves an increase in body temperatures (8) . Environmental, or classical, heat stress is caused by exposure to high external temperatures and is predominantly observed in very young or elderly people or in those who are unable to escape prolonged exposure to high external temperatures (3) . Exertional heat stress is common in service members and athletes who perform strenuous physical activity under hot, warm, or even relatively cool environmental conditions (1, 2, 5) .
Experimental animal models are frequently used to study heat-injury progression (3, 17) resulting from both environmental and exertional heat-stress conditions (7) . With both of these conditions having been reported to lead to varying degrees of organ dysfunction, such as encephalopathy, myocardial injury, and hepatocellular injury (3, 18) , it is critical to accurately determine the initial organ-specific thermal insult so as to delineate the progression of these disorders. Rats are often the preferred animal model used in heat-stress experiments, as they are readily available, cost-effective, and convenient to handle, and they demonstrate certain similarities to humans during thermoregulation (7, 11) . Several studies have used experimental rat models to investigate environmental and exertional heat stress (9, 19, 27, 29) , whole body cooling strategies to manage heat stress (29) , and circadian rhythms during thermoregulation (22, 25) . However, due to their inability to measure the spatiotemporal temperature distribution in vivo throughout the animal, such experimental studies have provided limited insights about the thermal load in specific organs. Moreover, with the use of experimental animal models alone, it is difficult to decouple the effects of exertional heat stress when those are confounded by adverse environmental conditions (16) .
Computational modeling used in conjunction with experimental animal models can provide an effective recourse to address these limitations. Several computational rat and mouse models have been reported in the literature; however, simplifying modeling assumptions, such as simple, anatomically unrealistic geometry (12) , constant blood temperature (26) , no heat transfer due to blood perfusion (23) , and no circadian variations (13) , make them unsuitable for accurately determining the spatiotemporal temperature distribution in the animal due to heat stress and for performing mechanistic analysis. We have previously presented a detailed anatomically and physiologically realistic virtual rat and demonstrated its ability to compute the spatiotemporal temperature distribution in the animal for one specific heat-stress protocol (21) . Here, we use the virtual rat to simulate numerous previously reported experimental protocols, including a combination of environmental heat stress, exertional heat stress, whole body cooling, and circadian variations (7, 12, 16, 21, 22, 28) . In addition to providing valuable new information to study heat stress without the need for performing additional experiments, the virtual rat facilitates the design of focused experiments and can be used as a unifying framework for comparing observations from different experimental studies and for simulating additional heat-stress conditions not included in the original experiments.
Accordingly, we followed a systematic approach to investigate the various aspects of heat stress. First, we reviewed the literature for representative experimental protocols of heatstress conditions that we intended to investigate. Next, we used the experimental protocol conditions as input parameters to the computational model to exactly mimic the experiment in the virtual rat. Subsequently, we compared our predictions with the experimental data to validate our simulations for each protocol. We did not use the compared data as input parameters for the simulations or to fit the model. Next, we analyzed the simulation results, such as the spatial temperature distribution in the animal's body and organs, which were not possible in the original experiments. Finally, we performed additional simulations using the virtual rat to facilitate comparative analysis of the thermal response for various relevant conditions and gain deeper insights into critical aspects of heat stress.
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MATERIALS AND METHODS
We previously developed a three-dimensional computational rat model, i.e., a "virtual rat," to simulate the thermal response in the animal due to heat stress (21) . Figure 1 shows an overview of the model, which takes the environmental and exertional conditions as inputs and computes the spatiotemporal temperature distribution in the animal. The model itself includes an anatomically realistic description of the animal obtained from medical imaging and incorporates the various heat transfer mechanisms involved during thermoregulation ( Fig. 1) . We used the Pennes bioheat transfer equation (20, 28) to formulate the mathematical model. To describe heat transfer within the body of the animal, we modeled heat conduction, heat convection due to blood perfusion, heat generation due to metabolism and physical activity, and heat loss due to intake of water at a temperature lower than the body. We also accounted for circadian rhythms in blood perfusion and metabolic heat generation. To describe the heat transfer of the animal with the surroundings, we included convection, radiation, and evaporative cooling. Additional details regarding the development of the virtual rat are included in our previous work (21) .
We performed model simulations that replicated various experimental protocols reported in the literature to investigate scenarios that lead to heat stress and to manage it: 1) different environmental conditions, 2) different exertional conditions, and 3) whole body cooling. In addition, we investigated the effect of circadian rhythms on the thermal response by simulating animal heat-stress exposure at different times during the day. We obtained input parameters for the simulations from the published experiments and validated the virtual rat predictions by comparing them with experimentally measured temperatures in the animal. The details of the heat-stress conditions and input parameters used for the simulations and model validation are provided in RESULTS.
We simulated environmental heat stress by specifying the external temperature and duration of exposure as boundary conditions to the model. Similarly, we simulated whole body cooling by specifying the external cooling temperature and cooling time as boundary conditions. To simulate exertional heat stress, we used the value of exercise intensity, calculated based on the running speed of the animal, to modulate the metabolic heat generation term in the Pennes bioheat transfer equation (20) . First, we calculated the O 2 consumption (V O2) for a particular running speed (vrun) based on the following relationship developed by Patch and Brooks (19) for rats:
V O 2 ϭ ͭ 0.664v run ϩ 41.69 for untrained rats 0.647v run ϩ 46.04 for trained rats (1) where V O2 is expressed in milliliters per kilogram per minute and vrun is expressed in meters per minute. Next, we determined exercise intensity by calculating the ratio of V O2 for the corresponding running speed to the V O2 at rest, also reported by Patch and Brooks (19) . Finally, we used this ratio to modulate the metabolic heat generation term for incorporating exertional heat stress. We previously demonstrated the effects of circadian rhythms on core temperature in the simulation of one specific experimental protocol (21) . Here, we performed additional simulations to investigate the differential thermal responses exhibited by animals exposed to the same heat-stress conditions at different times during the day. We used a commercial finite-element solver, COMSOL Multiphysics (COMSOL, Burlington, MA), to perform the computations.
RESULTS
Environmental heat stress under different external conditions. In the first set of simulations, we investigated the effects of different external temperatures on the animal's thermal response, using the protocol proposed by Yang et al. (29) . The animals were exposed to an external temperature of 43°C for 49 min and were subsequently allowed to recover at 26°C ( Fig.  2A) . We performed simulations of these conditions using the virtual rat. Figure 2B shows the comparison between the simulation predictions and the measured core temperature over the 120 min of the experimental protocol (29) . Our results closely matched the experimental data, yielding a very similar core-temperature profile with a maximum temperature increase of 6.0°C. Comparing the spatial temperature distribution before heat exposure (time ϭ 0 min) to that immediately after removal from the external heating (time ϭ 94 min), we observed an overall temperature increase throughout the body of the animal, with the temperature rise being more pronounced in the tail (Fig. 2C ). In fact, while the core temperature rose by 6.0°C, the average tail temperature increased by 15.0°C.
To study the organ-specific thermal response to this heatstress condition, we calculated the volume-averaged temperature (referred to as "average temperature" henceforth) in various organs from the model predictions and compared them with the temperature at the core. We also performed simulations with external temperatures of 40 and 46°C to investigate the organ-specific heat-stress response in different environmental conditions. Figure 2D shows the average organ temperatures at a room temperature of 26°C and at external temperatures of 40, 43, and 46°C immediately after removal from heat stress at 94 min. To facilitate comparisons between core and organ temperatures, we plotted the predicted core temperatures of the rat for the different environmental conditions and observed that the average organ temperatures were generally higher than the core temperature. The liver consistently attained the highest temperatures, on average ϳ1.1°C higher than the core temperature across the different environmental conditions, while heart and brain temperatures averaged ϳ0.7 and ϳ0.4°C higher than the core, respectively. Average temperatures in other organs, including the kidneys, stomach, and lungs, were (on average) within ϳ0.3°C of the core temperature. Compared across different environmental conditions, we observed that for every 3°C rise in the external temperature from 40 to 46°C, the core and organ temperatures increased by ϳ0.8°C.
To demonstrate the capability of the virtual rat to replicate different heat-stress scenarios, we simulated the intraperitoneal heating protocol proposed by Shido and Nagasaka (24) , where they heated rats using an electrical heater implanted in the peritoneal cavity for 30 min and reported the brain temperature response. We simulated the heat load of 6.5 W/kg applied in the experimental protocol as a source term in the virtual rat and noted that the predicted brain temperature after 30 min was within 0.2°C of the measured value with a coefficient of determination (R 2 ) of 0.88. Exertional heat stress under different environmental conditions. To study exertional heat stress, we used the protocol investigated by Fuller et al. (9) , where they monitored brain and abdominal temperatures in rats exercising under different environmental conditions. Each animal was subjected to three sets of different experimental conditions, where in each condition the animal ran until fatigued on a treadmill moving at 15 m/min, corresponding to an exercise intensity of 68% of maximal V O 2 (V O 2max ; calculated using Eq. 1 for trained rats). In the first set of experiments (condition I in Fig. 3A ), each rat initially rested for 30 min at an external temperature of 23°C. Next, the external temperature was increased to 33°C, and the rats were forced to run on the treadmill until fatigued (ϳ32 min). For the second set of experiments (condition II in Fig.  3B ), rats rested for 30 min at 23°C before exercising in the treadmill until fatigued (ϳ27 min) at an external temperature of 38°C. In the third set of experiments (condition III in Fig.  3C ), rats first rested (ϳ30 min) and then exercised (ϳ17 min) at the same external temperature of 38°C. For each condition, the animals were kept at the same external exercise temperature for an additional 3 min after the termination of the exercise and then exposed to an external temperature of 23°C to cool down. We used these three exercise conditions to simulate exertional heat stress using the virtual rat. Figure 3A shows the predicted brain temperatures as a function of time compared with the experimental measurements in one rat (as reported in Ref. 9 ) for condition I. The simulation accurately captured the magnitude and timing of the temperature increase in the brain, as well as the subsequent decrease in temperature during rest at a cooler external tem- perature, with values similar to those observed in the experiments. The rise in brain temperature predicted by the simulation was 3.1°C compared with the experimentally measured temperature increase of 3.2°C. During the cooling phase, the predicted decrease in brain temperature was 1.7°C compared with 1.9°C observed in the experiment. Similarly, the simulations were able to predict the thermal response in the brain for conditions II and III (Fig. 3 , B and C, respectively) reasonably well (R 2 ϭ 0.95 and 0.90 for conditions II and III, respectively). The predicted abdominal temperatures also closely matched the measured data (R 2 ϭ 0.95, 0.94, and 0.83 for conditions I, II, and III, respectively; results not shown). Although the exercise intensity was the same (68% of V O 2max ) in conditions I and II, the rate of brain-temperature increase given by the slope of the temperature curve was faster for condition II than condition I. This was expected, because the rat exercised at a higher external temperature in condition II compared with condition I (38 vs. 33°C), which was accurately captured in the simulation. For condition III, we observed a noticeable increase in the brain temperature during the initial resting phase, which was captured in our simulation. Again, this was expected, because the rat was exposed to a higher external temperature of 38°C in contrast with conditions I and II, in which the external temperature during the initial resting phase was 23°C. Taken together, these results demonstrated the ability of the virtual rat to capture the additive nature of heat stress as a combination of external environmental conditions and strenuous exercise.
To decouple the effects of environmental conditions and exercise on animal temperature, we performed additional simulations where we exclusively emulated the environmental conditions. For example, to account for only the environmental component of heat stress in condition I, we simulated thermal responses in the rat placed at an initial external temperature of 23°C for 30 min, followed by exposure to 33°C for 32 min, and finally cooled at 23°C, while at rest for each of the three phases. Figure 3D shows the comparison of the simulated maximum core temperatures in rats subjected to exercise at the various environmental conditions vs. simulated maximum core temperatures in rats not subjected to exercise for the same environmental conditions. We observed that for condition I, which involved a lower external temperature (33°C) than the other cases (38°C), heat stress due to exertion was dominant, with environmental conditions (no exercise) accounting for only 34% of the temperature rise from the initial, nonstress condition (Fig. 3D) . For condition II, the environmental conditions accounted for 50% of the temperature rise, indicating an equal contribution of the high external temperature (38°C) and the exercise in the heat-stress response. Because of the extended exposure to a high external temperature (50 min at 38°C, as shown in Fig. 3C ), heat stress due to the environmental conditions was dominant, accounting for 61% of the temperature rise for condition III (Fig. 3D) . Figure 3E shows the computed spatial temperature distribution inside the rat body for condition III, which demonstrated noticeably higher temperatures during exercise compared with the no-exercise case.
Effect of exercise intensity on exertional heat stress. To investigate the effects of exercise intensity on heat stress, we used the protocol proposed by Walters et al. (27) , which monitored brain temperatures in rats during exercise on a treadmill. This protocol allowed us to investigate the sole effect of exercise intensity on exertional heat stress without the confounding factors of different environmental temperatures (Fig. 3) . In Walters et al. (27) , rats first rested at a room temperature of 21°C for 60 min and then exercised at a treadmill speed of 18 m/min for 36 min at 35°C. Based on Eq. 1, the running speed corresponded to an exercise intensity of 75% of V O 2max for untrained rats. First, we used the virtual rat to simulate exertional heat stress replicating these exercise conditions. Next, we increased the exercise intensity to 100% of V O 2max and repeated the simulations. To facilitate comparisons, we also simulated a baseline case corresponding to no exercise. Figure 4A shows the comparison of the predicted and experimentally measured brain temperatures. The simulation predicted a 3.1°C rise in brain temperature compared with the measured temperature increase of 3.2°C. Figure 4B shows the comparison of core and average organ temperatures for different exercise intensities at the end of the 36-min treadmill exercise. The core temperature increased by 2.6°C from a no-exercise condition (rest at 35°C external temperature) to an exercise intensity of 75% of V O 2max . For an additional 25% increase in exercise intensity (from 75% of V O 2max to 100% of V O 2max ), the core temperature increased by another 1.5°C. As with environmental heat stress (Fig. 2) , the organs exhibited a differential thermal response for the different exercise intensities considered here, with the liver attaining the highest temperature for each case. The average liver temperature was 0.9 to 1.2°C higher than the core temperature for the three conditions. Similarly, average temperatures in the heart, brain, and kidneys were a maximum of 0.7, 0.4, and 0.4°C higher than the core temperature, respectively. Except for the tail, all other organs were within 0.2°C of the core temperature for the three conditions.
Equivalent heat-stress response due to environmental conditions. We used simulations to determine the environmental condition that would elicit a thermal response in the rat equivalent to that observed during the exertional heat stress investigated immediately above. Starting from the same environmental condition (35°C) used in Ref. 27 , we successively increased the external temperature, without subjecting the rat to exercise, until we obtained the same core temperature increase after 36 min as that observed for the exertional heat stress shown in Fig. 4A . We found that an external temperature of 50.5°C evoked the same core temperature response as that observed for the animal exercising at an intensity of 75% of V O 2max at an external temperature of 35°C (Fig. 4A) . Figure 5A shows a comparison of the spatial temperature distribution for the two cases. Although the core temperatures were constrained to be the same, the spatial temperature distributions were distinct for the two cases. Equivalent heat stress solely due to environmental conditions resulted in a significantly higher tail temperature compared with the exertional heatstress case. A quantitative comparison of the minimum temperature (observed in the skin near the belly) and maximum temperature (observed in the tail) in the entire rat for the two cases showed that equivalent heat stress solely due to the environmental condition resulted in more uniform heating, with the minimum and maximum temperature values being closer (Fig. 5B) . However, further investigation of the average organ temperatures for the two cases showed that the organ temperatures for the equivalent heat-stress case were within 0.2°C of the corresponding organ temperatures for the exertional heat-stress case. variations in organ temperatures between the two cases were insignificant.)
Effect of circadian rhythms on the heat-stress response. Next, to investigate the effects of circadian rhythms on the heat-stress response, we performed simulations to compute the spatiotemporal temperature distributions in rats exposed to the same heat-stress conditions at different times of the day. In our previous work (21), we showed the capability of the virtual rat to account for the circadian rhythmicity in core temperatures during an increase in the external temperature from 22 to 37°C over 163 min. Here, we repeated this simulation six times, starting the temperature increase at 0400, 0800 (as in Ref . 21), 1200, 1600, 2000, and 2400. Figure 6A shows the heating protocol for the two extreme cases (coolest and warmest) corresponding to heat stress starting at 1200 (left, the coolest) and 2400 (right, the warmest). We selected these two cases by comparing the core and organ temperatures from the six simulations. Figure 6B shows the spatial temperature distribution after 2.75 h in rats subjected to heat stress starting at 1200 (left) and 2400 (right), indicating higher temperatures for the latter case. Figure 6C shows the average organ temperatures, which served to further quantify the differences in heat load in the different organs for the two cases. It also shows that the differences in maximum, minimum, and core temperatures in the animal between the two cases were 0.5, 0.2, and 0.6°C, respectively, demonstrating a differential thermal response for the same heat exposure at different times of the day. The core temperature difference (0.6°C) between the two cases was ϳ18% of the heat-stress-induced core temperature rise (3.4°C), which represents a significant variability in temperature response for the same experiment performed at different times of the day. We also observed a differential thermal response in the organs, with the difference in the average organ temperatures between the two cases ranging from 0.2°C in the tail to 0.8°C in the lungs. Other organs, including the liver, heart, brain, kidneys, stomach, and intestines, showed a difference of at least 0.5°C between the two cases. When we compared the heat-stress responses between 0800 and 1200, simulating experiments starting at early morning and midday, respectively, the core temperature difference was 0.5°C and the maximum organ temperature difference (in the stomach) was 0.7°C.
Whole body cooling for heat stress management. Finally, we investigated the effects of whole body cooling in rats after heat stress. To this end, we used the same protocol proposed by Yang et al. (29) described above (Fig. 2) , where they monitored the core temperature of rats undergoing heat stress. Here, post-heat stress, they cooled the animals at an external temperature of 16°C for 20 min before returning them to a normal ambient temperature of 26°C (Fig. 7A) . Figure 7B shows that the temporal variations in the predicted core temperature profiles were consistent with the experimental results, both yielding a ϳ6.0°C core-temperature increase at the end of heatstress exposure and a ϳ3.0°C temperature drop after whole body cooling. Figure 7C shows the spatial temperature distribution in the rat immediately after heat stress (time ϭ 94 min) and after whole body cooling (time ϭ 120 min). Although temperatures throughout the body decreased due to whole body cooling at 16°C, they did not return to normothermia. Similar to the observation during heating, the temperature drop was more pronounced in the tail than other parts of the body.
To investigate whether lowering the external cooling temperature would have a more profound effect on reducing body temperatures and achieve normothermia, we simulated the thermal response in the rat for a range of cooling temperatures. Figure 7D shows the differences in average temperatures between normothermia (before heat stress, external temperature of 26°C) and post-whole body cooling in various organs after 120 min at cooling temperatures of 16, 6 , and 1°C, for 20 min. As a reference, we also plotted the average temperature difference for rats cooled at a room temperature of 26°C. After 20 min of cooling at room temperature (26°C), average temperatures in the internal organs were still elevated between 5.7 and 5.9°C above their normothermic values. We observed that with the application of successively lower external temperatures, the average organ temperature difference decreased, i.e., the organs moved toward normothermia, as expected. However, even after whole body cooling for 20 min at a significantly lower temperature (1°C), the organs did not return to the temperatures observed before heat stress; average temperatures in the internal organs were still elevated by 2.3 to 2.5°C above their normothermic values (Fig. 7D) . Additional simulations showed that cooling times of 52 min at 16°C, 37 min at 6°C, and 32 min at 1°C would be required to return the core temperature to normothermic levels (before heat stress). An interesting observation from the simulations was that, although the internal organs remained at elevated temperatures after cooling for 20 min, the temperature in the tail decreased significantly, reaching hypothermic levels after cooling at 16, 6 , and 1°C. For example, while the average tail temperature after cooling at room temperature (26°C) was still elevated by Equivalent heat stress (HS) without exercise (time = 36 min) Fig. 5 . Equivalent exertional-heat-stress response solely due to environmental conditions. A: comparison of the computed spatial temperature distribution in a rat subjected to exercise at an external temperature of 35°C with that of a rat subjected to a higher external temperature (50.5°C) without exercise (equivalent heat stress) to match the core temperature response. B: corresponding minimum, maximum, and core temperatures in the body for the 2 cases compared with their initial values (environmental temperature of 21°C) before being subjected to heat stress.
3.2°C, after cooling at 16°C for 20 min, the tail temperature was 2.1°C lower than the normothermic tail temperature.
DISCUSSION
In our previous work, we presented a detailed three-dimensional computational model of a rat for predicting the spatiotemporal temperature distribution responses due to heat stress and validated it for one particular environmental heat-stress condition (21) . Here, we substantially extended the validation of our model by using it to simulate four distinct heat-stress experimental studies induced by both elevated environmental temperature and exercise. We showed that, throughout all simulations, the predictions were within 0.6°C of the experimental measurements. Once validated, we used our "virtual rat" to investigate other conditions for which experimental data were not available. This allowed us to gain insights about whole animal, organ-specific thermal responses for different heat-stress and cooling scenarios, to compare and contrast the relative contributions of environmental conditions and exercise to heat stress, and to determine the effect of circadian rhythms on the temperature response. Importantly, the virtual rat allowed us to gain such insights, which may not be practical or possible to attain experimentally, without performing any additional animal studies.
A key finding from the simulations of heat stress under different environmental conditions was that the liver consistently reached a higher temperature than the core and other organs (Figs. 2D, 4B, and 7D ). This is corroborated by previous studies that reported liver damage due to severe heat stress in both rats (4) and humans (15) . The heart reached the second-highest temperatures for the different environmental conditions. Note that core temperature is the temperature at a specific location and it should not be considered as the average temperature of the whole animal, which is affected by the significantly lower temperatures in the tail. Knowing these organ-specific temperature loads for different environmental conditions would allow for an improved understanding of heat injury progression to organ dysfunction.
Exertional heat stress is a particularly complicated condition to study experimentally using animal models (16, 27) , because it is difficult to decouple the contribution of environmental factors from that of strenuous exercise. Moreover, it is time consuming and labor intensive to experimentally investigate a variety of exercise conditions, including a range of exercise intensities for both trained and untrained rats (14) . In contrast, our virtual rat allowed us to investigate many distinct conditions by simply changing the model inputs and, importantly, to decouple the temperature response due to environmental conditions from the response due to physical activity.
The exertional heat-stress simulations provided a number of interesting results. First, we found that even if the rat exercised at a moderate intensity (68% of V O 2max ) and the room temper- ature (23°C) was increased by 10°C, exercise was still the dominant cause of heat stress (Fig. 3D) . However, for a 15°C increase in the room temperature, the contributions from exercise and external temperature were equal. Finally, if rats were preheated at a high external temperature (38°C) for 30 min before exercise, the environmental condition was found to be the dominant heat-stress mechanism. Taken together, these observations provide important insights for the design of exertional heat-stress experiments. In the experimental study corresponding to these simulations, Fuller et al. (9) reported that the animals fatigued before they reached fatal temperatures. Therefore, for studies attempting to investigate the lethality associated with exertional heat stress, it may be important to preheat the animal before starting the exercise regimen (to increase body temperatures while limiting exercise) rather than inducing heat stress by subjecting the animal to high external temperature and exercise simultaneously. The simulations also provided information about the organspecific temperature response during exertional heat stress, which was previously unavailable. We found that, as with environmental heat stress, the liver demonstrated the highest temperatures for different exercise intensities (Fig. 4B) , which is consistent with a previously reported observation of liver damage during exertional heat stress (10) . Moreover, increasing the exercise intensity from moderate (75% of V O 2max ) to high (100% of V O 2max ) resulted in a significant increase (1.5°C) in the core temperature. Finally, to quantify the severity of exercise in terms of environmental conditions, we performed a unique simulation to determine the external temperature that would evoke the same core temperature response as that from exercise. We found that exercise at a moderate intensity level (75% of V O 2max ) and a moderately high temperature (35°C) yielded the same core temperature as that obtained by a resting animal at an extremely high external temperature (50.5°C). We also found that organ temperatures were similar for the two cases, except for the tail, implying that heat stress under extremely high temperatures can be used as a surrogate for studying exertional heat stress in animal models if the main objective is to replicate the thermal response.
Simulations with the virtual rat also allowed us to quantify the effects of circadian rhythms on the thermal response during heat stress, which has not been experimentally studied. We found that there could be considerable differences (as large as 0.8°C) in the organ temperatures for heat stress induced at different times during the day for the same heating conditions (Fig. 6C) . The simulation of whole body cooling using the virtual rat showed that it was not possible to reduce elevated body temperatures below a certain level in a short 20-min duration, even when using extreme cooling temperatures (16, 6 , or 1°C; Fig. 7D ). Reduction in external cooling temperature (as low as 1°C) only resulted in decreased tail temperatures but did not reduce the temperatures of the major organs significantly. Extremely low external temperatures are not desirable during whole body cooling, as they may lead to adverse hypothermic effects, including cardiovascular and pulmonary complications due to hypotension, pneumonia, aneurysms, or thrombocytopenia (6) . Therefore, localized cooling strategies targeting specific organs that reach the highest temperatures (such as the liver, heart, and brain) could be more effective than whole body cooling. We also demonstrated how simulations could be potentially used to design cooling experiments and strategies by determining the conditions needed to achieve normothermia.
Although we compared the model predictions with published experimental data wherever possible, we could not validate the model-predicted temperatures for all organs and their circadian variations during heat stress and whole body cooling due to the unavailability of experimental data. Moreover, similar to previous modeling efforts (12, 13, 23, 26) , it was not possible to account for different rat strains in our simulations because of the unavailability of a complete set of model parameters for any particular rat strain. In addition, we could not incorporate the effects of animal weight and size on the temperature response, which would require acquisition of medical images and three-dimensional anatomy reconstruction for each animal. Therefore, for model development, we used physiological data from various rat strains and anatomical data from one representative rat. As such, the model represents the heat transfer processes of an "average" rat. The good agreements between model predictions and experimental measurements seem to indicate that such simplifications are justifiable for the conditions studied here. In summary, we used a unifying framework based on computational modeling to investigate different aspects of heat stress. The value of this approach is that it provides the means to gain new insights into previous heat-stress studies beyond what is feasible through animal experimentation alone. This, in turn, not only enabled us to develop greater insights into various heat-stress scenarios but can also help to reduce the number of animals used in experiments. We demonstrated that once the simulations are validated for particular heat-stress conditions, other relevant heat-stress episodes can be simulated using our virtual rat. Customized experiments can potentially be designed based on such simulations, thereby reducing the number of animals used for experimentation. Furthermore, the unique insights obtained from our results can be used to better understand organ-specific disorders observed during heat stress and to develop optimized heat-stress management techniques.
Software availability. The virtual rat model is publicly available upon request to users who have purchased a license for the third-party geometry (ROBY, Duke University, Durham, NC) used in our model. To request the model, please visit http:// bhsai.org/software. For information on the ROBY license, please contact Dr. W. Paul Segars (paul.segars@duke.edu).
